Ethanol consumption during pregnancy can cause fetal alcohol syndrome (FAS). Although the exact mechanism is unknown, nutritional alterations caused by ethanol exposure may be an etiologic factor in FAS. Thc congenital heart defects seen in FAS are similar to those found in vitamin A teratogenesis. Because ethanol ingestion alters vitamin A metabolism, we hypothesized that the cardiac manifestations seen in FAS result from an altcration in vitamin A metabolism or function in the developing fetus. Twenty-day gestation fetal rat hearts from ethanol-exposed and control pregnancies were analyzed for I ) levels of endogenous retinol, rctinyl palmitate, and retinoic acid by quantitative HPLC; 2) binding activity levels of both retinol by cellular retinol binding protein and retinoic acid by cellular retinoic acid binding protein using specific competitive binding assays; and 3 ) relative abundance of cellular retinol binding protein and rctinoic acid receptor a, 0, and y subtype message as expressed in mRNA. Levels of retinol and retinyl palmitate were significantly higher ( p < 0.01) and the level of retinoic acid was significantly lower (p < 0.02) in the ethanol-exposed fetal hearts. Binding activity levels of cellular retinol binding protein Consumption of ethanol during pregnancy results in an increased incidence of spontaneous abortions (I), an increase in perinatal mortality (2), and the birth of a child with FAS, which is defined by the clinical triad of growth retardation, CNS dysfunction, and craniofacial abnormalities (3). Other common features of FAS may include congenital heart defects and skeletal anomalies (3, 4).
Consumption of ethanol during pregnancy results in an increased incidence of spontaneous abortions (I), an increase in perinatal mortality (2) , and the birth of a child with FAS, which is defined by the clinical triad of growth retardation, CNS dysfunction, and craniofacial abnormalities (3) . Other common features of FAS may include congenital heart defects and skeletal anomalies (3, 4) .
The mechanism by which ethanol causes FAS is unknown. Various hypotheses include a direct teratogenic effect of ethanol and/or acctaldehydc on the fetus, altered maternalJplacenta1 physiology, and nutritional alterations caused by ethanol ingestion (5) (6) (7) (8) ). An alteration in vitamin A metabolism or function resulting from ethanol ingestion may potentially explain some of the dcvelopme~~tal abnormalities seen in FAS.
Rcccivcd July 5, 1994 ; accepted Octohcr 30, 1904 . p, and y isoforms). Bound RAR acts as a transcription factor, which can bind to several retinoic acid responsive genes and regulate promoter activity (9, 10) . Vitamin A status is effected by ethanol ingestion. Adult alcoholics have decreased liver retinol levels and increased levels of retinol in their esophagus and trachea (11) . Ethanol ingestion by pregnant rats increases retinol levcls in 10-d embryo and 20-d fetal brain (12) and increases both retinol and retinyl palmitate levels in fetal kidney and lungs while decreasing these levels in the liver (13).
There are many areas of overlap between organ systems damaged in FAS and the organs involved in vitamin A defi-ETHANOL EFFECTS ON RAT HEART VlTAMIN A 419 ciency or toxicity (14-17). Included in this overlap are congenital heart defects. VSD and outflow tract abnormalities occur in 29-50% of all children with FAS (3, 18) . Offspring of experimental animals deprived of vitamin A during pregnancy show two main types of heart lesions: VSD and conotruncal defects (14, 19). Normal heart development, including closure of the interventicular system, depends on proliferation, migration, and fusion of cardiac neural crest cells (20) . It is known that neural crest cells and their derivative tissues contain CRBP, CRABP, and RAR (21) . In the chick model, retinoic acid applied locally to the heart causes formation of a single midline heart tube (22) , and in cultured mouse embryo excess retinoic acid inhibits migration of neural crest cells (23, 24) . In the isotrctinoin syndrome (excess 13-cis retinoic acid consumption while pregnant), fetal cardiac anomalies include VSD, atrial septa1 defects, and conotruncal lesions (16).
In summary, normal cardiac development depends on appropriate growth, migration, and fusion of neural crest cells. Secondly, neural crest cells contain proteins and receptors essential for vitamin A metabolism. Third, cardiac findings in FAS are similar to those found in vitamin A deficiency or toxicity. Lastly, research has shown that ethanol ingestion alters vitamin A levels in various organs. Therefore, we hypothesized that the cardiac manifestations seen in FAS may be the result of changes in vitamin A metabolism in the developing fetus. We tested this hypothesis by evaluating 20-d gestation fetal rat hearts of ethanol-exposed and control pregnancies in three ways: 1) levels of endogenous retinoids; 2) levels of specific binding of retinol and retinoic acid by CRBP and CRABP, respectively; and 3) relative abundance of CRBP mRNA and RAR mRNA in control and ethanol-exposed fetal rat hearts.
METHODS
Ethanol diet and collection of tissue. The ethanol diet used was identical to that published previously by this laboratory for related studies (12, 13). Timed pregnancy Sprague-Dawley (Harlan Industries, Indianapolis, IN) rats wcre randomly assigned to groups on gestational d 1 of pregnancy and kept in individual mesh-bottom cages in a controlled temperature environment with a light-dark cycle of 12 h. The rats were fed an isocaloric liquid Lieber-DeCarli diet (Dyets, Inc., Bethlehem, PA) containing 25% protein, 63% carbohydrate, and 12% fat. Ethanol isocalorically replaced carbohydrate in the treatment diet. Diets contained 6 IU/g diet of retinyl acetate. Ethanol-fed rats were started on a diet containing 12% of calories as ethanol on gestational d 1, then 24% of calories as ethanol on d 2-3, then 36% of calories as ethanol for the remaining days of the experiment. Rats on the control liquid diet were pair fed, starting with the same volume as ethanol fed on d 1, then receiving the average amount of food consumed by the ethanol-fed rats the previous day. The rats were fed at the approximate beginning of the dark cycle. Food intake was recorded daily, maternal weight was obtained at the beginning and end of the experiment, and the average fetal weight in each litter was obtained on the day the rats were killed. Blood alcohol levels were obtained approximately 1 wk into the experiment.
At 20 d gestation of a normal 22-d pregnancy, rats from the control and ethanol groups were alternately anesthetized with ether, after which the fetuses were removed from the uterus, weighed, and decapitated. Rats were killed at 20 d gestation in an attempt to optimize the amount of tissue obtained in each litter and to avoid accidental delivery before death. After dissection of fetal hearts, all heart tissue from each litter was pooled and stored protected from light. No gross or microscopic evaluations of the hearts werc performed in these experiments. Tissue used for retinoid analysis and quantitative receptor binding analysis (CRBP, CRABP) was stored at -70°C. Tissue used for mRNA expression studies was first frozen in liquid nitrogen, then stored at -70°C.
Retinoid analysis. Fetal heart tissue used for retinol and retinyl palmitate analysis was homogenized and extracted using an established chloroform/methanol procedure (25) . All chloroform extracts were analyzed within 18 h of tissue extraction. For storage overnight, 0.5 mg butylated hydroxytoluene was added to each extract. The extracts were assayed by HPLC (Pecosil C18, 5 pm, 15 cm) at a wavelength of 325 nm. The mobil phase for retinyl palmitate was methanol:chloroform-:water (80:18:2). The mobile phase for retinol was methanol:0.2 M ammonium acetate:acetic acid (87:12:1). Using these solvents and a flow rate of 1.5 mLImin, peak retention times were 5.7 min for retinyl palmitate and 4.8 min for retinol.
Retinoic acid was extracted using a combination of protocols that have been previously described (26, 27) . Approximately 300 mg of heart tissue were homogenized in 1.0 mL of distilled water and placed on ice. Aliquots of 0.5 mL were then vortcxed for 1 min with 2.5 volumes of extraction solvent consisting of butanol:acctonitrile:hexane (50:49:1) and 1 mg/mL butylated hydroxytoluene. The samples werc then capped and left to stand overnight, protected from light at -4°C. The next morning, one volume of saturated K,HPO, was added to each sample. The samples were vortexed until well mixed and then allowed to sit at room temperature for 15 min. Next, the samples were centrifuged at 2000 X g for 15 min, after which the upper organic layer was removed. The organic layer was taken just to dryness by nitrogen and then redissolved in 100 pL of absolute ethanol:dichloromcthane (10:l). The extract was assayed by HPLC (Pecosil C18, 5 pm, 15 cm) at a wavelength of 340 nm using a mobile phase of methano1:acetonitrile:0.12 M ammonium acetate (20:60:20) , pH 6.85. Using this solvent and a pump speed of 1.7 mL/min, the peak retention time for rctinoic acid was 3.5 min.
Correct identification of retinol, retinyl palmitate, and retinoic acid was ensured by placing tritiated standards on the HPLC, noting elution times of these standards using their respective mobile phases, and counting radioactivity by scintillation. The total amount of retinol, retinyl palmitate, and retinoic acid was quantitated from HPLC peak areas determined from standard curves that were run with each series of analyses.
Cytosolic extract preparation. The cytosolic extract preparation was based on that of Nervi et 01. (28) and on past experience in this laboratory (12, 29). Fetal heart tissue was homogenized on ice with a mechanical tissue grinder at medium speed (50 strokes) in 2.5 volumes of PTG buffer (5 mM 420 DeJONGE AND ZACHMAN sodium phosphate, 10 mM thioglycerol, 10% glycerol, pH 7.4) containing PI (aprotinin 1 pgImL, leupeptin 1 pglmL, and phenylmethylsulfonylflouride 1 pLlmL). The homogenate was centrifuged at 1000 X g for 15 min at 4°C. The resulting supernatant was centrifuged at 66 500 X g for 60 min at 4"C, after which the supernatant was used as thc cytosolic fraction. Thc amount of protein in the cytosol was determined by Lowry assay (30). If not uscd immediately, the cytosolic extract was stored at -70°C and protected from light for not more than 1 wk.
CRBP assay. A 5 nM conccntration of %retino1 was added to two tubes containing 200 p L of cytosol and 240 p L of PTG + PI. In one of these tubes, a 400 M excess of cold retinol was added to measure nonspecific binding. The reaction mixtures were incubated on ice for 3 h, after which they were added to a charcoal-dcxtran pellet obtained by centrifuging 100 y L of a suspension containing 3% acid-washed charcoal, 0.3% dextran in 10 mM Tris-HC1 (pH 7.4), and 0.02% sodium azide. The pellet and cytosolic extract were then vortexed, incubated on ice for 10 min, and centrifuged to reform thc charcoal pellet. The extract was removed and fractionated on a Supercose 12 h 10130 size exclusion column (Pharmacia, Piscataway, NJ). The cluting buffer was PTG + 0.4 M KC1 and was run at 0.5 mLlmin. The buffer and column were maintained at 4OC throughout the experiment. Fractions were collected every minute and radioactivity was counted. The total and nonspecific binding of retinol was determined by the total dpm in the peak eluting at the molecular weight of CRBP. The elution time of CRBP was determined by the eluting times of various known protein standards (Bio-Rad Laboratories, Richmond, CA). In our experiments, CRBP, with a molecular mass of 14 600 D, had a peak elution time of 30 min. The radioactive peak at 29-31 min disappeared in the presence of the 400 M excess of retinol. Specific CRBP binding was evaluated by the difference between total and nonspecific binding and was expressed as dpmlpg cytosolic extract protein.
CRABP assay. CRABP binding activity in ethanol-exposed fetal hearts versu.r that of control was also determined by a competitive binding assay. A 30 nM concentration of 3~-retinoic acid was added to two tubes containing 200 p L of heart cytosol and 200 p L of PTG + PI. An excess of roughly 500 M cold retinoic acid was added to one of the tubes for measurement of nonspccific binding activity. [At this point, an abbreviated competitive binding assay was performed in place of the more time-consuming HPLC size exclusion method used for CRBP analysis. The reliability of this abbreviated method and its reproducibility have been published (12). This abbreviated method is frequently used in place of the longer HPLC assay in our laboratory.] The reaction extract was incubated for 5 h at 4°C then combined with a pellet obtained from 200 p L of charcoal-dextran. This sample was vortexed and incubated at 4°C for 30 min. The sample was then repelleted in a microfuge for 15 min, and radioactivity in 100 p L of the supernatant was counted. Nonspecific activity was subtracted from total activity to yield specific CRABP binding. Thc results were expressed in dpmlpg cytosolic extract protein.
CRBP and RAR mRNA analysis. Total RNA was isolated from approximately 200 mg of fetal heart tissue using TRIzol reagent (Life Technologies, Inc., Gaithersburg, MD). After a pellet of RNA was obtained, it was redissolved in RNase-free H,O and the A260n8() ratio was measured to ensure purity. All RNA samples had A26(1/280 between 1.85 and 2.06. The RNA (30 pg) was fractionated by electrophoresis on a 1% agarose gel containing 1.2% formaldehyde, stained with ethidium bromide, and transferred to a nylon filter (Micron Separations Inc., Westborough, MA) using the method of Chomczynski (31) . Using a DNA-labeling kit (Ready-To-Go, Pharmacia, Piscataway, NJ), CRBP cDNA (a gift of F. Chytil, Vanderbilt University), RAR a, P, and y cDNA (all RAR cDNA gifts of P. Chambon, Strasbourg, Cedex, France), and GAPDH cDNA were labeled with "P. The unincorporated deoxynucleotriphosphates were removed by Quick Spin columns (Boehringer Mannheim Corp., Indianapolis, IN), and the specific activity of the probe was determined by scintillation. The filters were prehybridized (6X SSPE (0.15 M NaCL, 10 mM Na H,PO,, 1 mM EDTA, pH 7.4), 5X Denhardt's, 0.5% SDS, 50% deionized formamide, and 50 pg/mL denatured fragmented salmon sperm DNA) at 42°C for 3-5 h, then hybridized overnight at 42°C in 5 mL of prehybridization fluid and enough cDNA probe to give greater than 2 X 106 cpm1mL. The hybridized filters were then washed and exposed to Kodak X-Omat XAR-2 film with an intensifying screen for a variable amount of time, depending on when suitable exposure was obtained. Separate filters were probed with CRBP cDNA, RAR a cDNA, RAR P cDNA, and RAR y cDNA. After adequate exposure, these filters were stripped and reprobed individually with GAPDH cDNA. The bands on the autoradiographs were then quantitated by scanning lascr densitometery, and a ratio of receptor mRNA to GAPDH mRNA was obtained in both ethanol and control samples.
Statistical alzalysis. All comparisons between ethanol and control groups were performed using a two-tailed, two-sample t test. Significance was defined if p was < 0.05.
RESULTS
The feeding regimen outlined previously and used in all experiments (four sets of ethanol-exposed and control pregnancies with eight to nine dams in each group) resulted in consistent and significant decreases in fetal weight (3.58 ? 0.11 g versus 2.65 t 0.12 g, p < 0.001) and litter number The effect of maternal cthanol ingestion on endogenous retinol, retinyl palmitatc, and retinoic acid levels in fetal heart are shown in Figure 1 . There is more retinol, reported in nmollg hcart tissue t SEM (1.06 i 0.175 versus 0.46 i 0.059, p < 0.01), and retinyl palmitate (1.59 i-0.24 versus 0.71 2 0.09, p < 0.01) in ethanol-exposed heart than in control. In contrast, there is less retinoic acid (1.55 t 0.18 versus 2.49 1 0.27, y < 0.02) in ethanol-exposed fetal heart tissue compared with control hearts.
Specific binding activity for retinol by fetal heart CRBP, expressed in dpmlpg protein -t SEM, was not different in control (n = 6, 27.8 -C 4.3) versus ethanol-exposed fetal heart (n = 4, 35.8 i 4.9). Likewise, no difference was noted in specific binding of retinoic acid by CRABP in control compared with ethanol-exposed heart (control n = 5, 4.74 i 1.23; ethanol n = 4, 4.69 2 2.13).
One transcript for CRBP (0.08 kb), two transcripts of RAR a (2.7 kb and 3.7 kb), and one transcript of RAR P (3.4 kb)
were found in fetal rat heart (Fig. 2) . RAR y was not found in either control or ethanol-exposed hearts. The relative abundance of CRBP mRNA was not different in ethanol-exposed versus control hearts (ethanol, 0.690 i 0.099; control, 0.685 -t 0.096). However, in cthanol-exposed hearts compared with controls, there was a statistically significant increase in the amount of the 3. a significant decrease in RAR P m RNA present in ethanolexposed heart (ethanol, 0.255 i-0.038; control, 0.542 i 0.072, p < 0.05) (Fig. 3) .
DISCUSSION
Many observations regarding the similarities between FAS and vitamin A teratogenosis have been made. These observations point toward the possibility that FAS may be mediated by a change or alteration in vitamin A metabolism or function. This theory is supported by reports indicating that ethanol ingestion alters vitamin A levels in various organs, in both human and animal models.
The heart is affected similarly in both FAS and vitamin A deficiency or toxicity. Normal heart development, including closure of the intraventricular septum, depends on proliferation, migration, and fusion of vitamin A-responsive cardiac neural crest cells. Therefore, because ethanol ingestion has been shown to alter vitamin A metabolism in other fetal organs, it is reasonable to hypothesize that vitamin A metabolism in heart would be affected by ethanol exposure. The fetal heart has not been previously evaluated with regard to changcs in endogenous retinoids and vitamin A-specific receptors sccondary to maternal ethanol ingestion.
The first goal in this series of experiments was to determine whether maternal ethanol ingestion effected endogenous retinoid levels in fetal heart tissue. The ethanol-exposed hearts did have a significant increase in the storage form of vitamin A (retinyl palmitate). Retinol, which is the form of vitamin A central to further metabolic and functional activity, was also increased in ethanol-exposed hearts. This original observation in fetal rat heart agrees with previous prenatal ethanolexposure data showing that ethanol causes a redistribution of vitamin A from the fetal rat liver to other organs in the body (12, 13). In contrast, the level of retinoic acid was significantly lower in ethanol-exposed fetal hearts. The lcvel of retinoic acid found in ethanol-exposed (1.55 nmol/g) and control (2.49 CRBP RAR a 3.7kb
RAR a 2.7kb
Control Ethanol ("") Figure 3 . Relative abundance of CRBP and RAR subtypes in 20-d gcstation control and ethanol-exposed fetal rat heart tissue. Northern hybridization was uscd to determine the expression of CRBP mRNA and RAR mRNA in control (m) and ethanol-exposcd (8) fetal rat heart. All values are expressed as thc mean ratio of protein mRNA to GAPDH mRNA ? SEM. ", 11 < 0.01 between comparison groups; "", p < 0.05 between comparison groups. nmollg) hearts was high when compared with retinoic acid levels found in adult rat organs including kidney (0.130 nmol/ g), liver (0.08 nmolig), and pancreas (0.58 nmolig) (32) . In addition, retinoic acid was found in relatively high concentrations compared with those of retinol and retinyl palmitate in both ethanol-exposed and control hearts. Retinoic acid levels have not been studied previously in fetal heart. Perhaps this high retinoic acid level in comparison with other previously studied organs, and in comparison with retinol and retinyl palmitate, is a result of organ-specific sequestration of retinoic acid. This phenomenon has been described in retinoid-induced dysmorphogenesis in the developing mouse (17). We feel the important observation regarding the level of retinoic acid in fetal heart was that the level of retinoic acid in ethanol-exposed heart tissue was significantly lower than that of control. This observation, along with the finding of higher retinol levels in ethanol-exposed heart tissue, is very consistent with the hypotheses of Kier (33) , Pullarkat (34) , and Duester (35) . Their hypotheses suggest that the mechanism of FAS is based on competitive inhibition of ADH, leading to decreased retinoic acid synthesis from retinol. This relative lack of retinoic acid may then be the cause of the abnormal fetal development seen ill FAS, because it is known that retinoic acid bound to RAR regulates the transcription of vital genes needed for proper embryonic development, including the HOX homeobox genes (9, 10) . In addition, there is now some evidence demonstrating that an ADH isoenzyme is expressed in various locations, including neural tube and heart, in the early mouse embryo (36) . Therefore, it will be important to determine levels of ADH and the rate of retinoic acid synthesis in control and ethanol-exposed fetal heart tissue in future experiments.
Although levels of retinoids were affected by ethanol ingestion, the specific binding of retinol and retinoic acid by cytosolic receptors, CRBP and CRABP, was not. One might have expected changes in the specific binding by CRBP and CRABP as the organ attempts to maintain cellular vitamin A homeostasis. However, this phenomenon was not observed. Although the competitive binding assays used to measure levels of CRBP and CRABP are specific and have been tested extensively in other tissue, our measurements, particularly with CRABP, did have a large amount of variability. One explanation for this variability may be the relatively small amount of CRABP present in heart tissue. There was also a limited amount of heart tissue available for analysis, leading to small sample sizes. We attempted to measure specific binding of retinoic acid to nuclear RAR but could not obtain enough nuclear protein to perform an adequate number of analyses.
The cxpression of CRBP along with the expression of several RAR proteins was also studied. Assessment of CRBP mRNA and RAR mRNA by Northern analysis has not previously been reported for fetal rat heart. Our mRNA results are qualitative evaluations of receptor expression compared with GAPDH expression. GAPDH has one mRNA transcript in adult rats (37) . The amount of expression of GAPDH has been noted to be gestational age dependent (38) . Our experiments used rat fetuscs at a consistent gestational age (20 d); therefore, we believe the use of GAPDH as a constitutive reference gene was legitimate. There was no difference in CRBP mRNA expression between control and ethanol-exposed heart. It would have been desirable to perform studies on CRABP mRNA levels; however, our laboratory does not currently have CRABP cDNA available.
We found that the RAR w subtype has two isoforms in the fetal rat heart: a 2.7-kb transcript and a 3.7-kb transcript. The presence and size of these two discrete RAR a transcripts found in fetal rat heart is consistent with a previous report identifying the same transcripts in fetal and newborn rat lung (38) . Ethanol exposure causes a significant increase in the RAR a 3.7-kb transcript compared with control hearts. The RAR a 2.7-kb species may also be increased by ethanol exposure. However, because of atypical variability in the ethanol RAR a 2.7-kb mcasurements, this increase was not statistically significant. There was one transcript of RAR P found, and its expression was significantly decreased in the ethanol-exposed hearts. In adult tissues, vitamin A deficiency lowers RAR mRNA, which can be corrected to normal control levels by retinoic acid repletion (39, 40) . There is evidence that the RAR p gene contains a retinoic acid responsive element that helps to produce more RAR /3 when bound (41) . Thus, the decrease in RAR P transcript is consistent with the decrease in fetal heart retinoic acid levels observed with ethanol consumption. The one transcript noted in fetal rat heart (3.4 kb) is the same size as that noted in fetal lung (38) . We were not able to measure RAR y in either control or ethanol-exposed hearts. This is probably due to a relative lack of RAR y in heart tissue. In fetal rat lung, RAR y could be shown only after extensive polymerase chain reaction (38) .
The significance of the alterations in gene expression of RAR subtypes in ethanol-exposed fetal rat hearts is unclear at present. However, we know that retinoic acid, acting through the nuclear RAR receptors, can affect the expression of many genes, including the HOX genes, growth hormone genes, cellular cytoskeleton genes, and RAR genes themselves, which may then influence cell differentiation and organ development (9, 10, 41) . Given the changes in the level of expression of RAR a (3.7 kb) and RAR 0 in ethanol-exposed fetal heart demonstrated here, a potential mechanism exists to explain FAS birth defects through altered vitamin A function or metabolism. Admittedly, our observations are in 20-d fetal hearts, whereas the most likely time for teratogenic effects in heart would occur at d 9-12 of gestation. Experiments using in situ methods to demonstrate the appearance and distribution of retinoid receptor proteins in control and ethanol-exposed embryo hearts at 9-12 d could potentially support the hypothesis proposed here. An iiz situ method would also make a detailed anatomic evaluation of individual fetal hearts possible. In addition, studies on the level and expression of ADH and the kinetics of the conversion of rctinol to retinoic acid are needed in ethanol-exposed and control heart tissue.
In conclusion, in utero exposure to ethanol increases 20-d gestation fetal rat heart retinol and retinyl palmitate levels while lowcring retinoic acid levels. CRBP and CRABP specific binding values were not different, nor was the mRNA expression of CRBP. However, mRNA expression of RAR a (3.7 kb) was increased whereas that of RAR 0 was decreased in ethanol-exposed hearts. These alterations in endogenous retinoid ETHANOL EFFECTS ON RAT HEART VITAMIN A 423 levels and in RAR subtypc expression add support to the hypothesis that altered vitamin A metabolism or function plays an etiologic role in FAS.
